Skin keratinocytes and sensory neurons express sensor ion channels that detect changes in the external or internal environments. TRPV3 channel has been found to be expressed in the skin keratinocytes of mice and humans and in the sensory neurons of humans and is activated by temperatures exceeding 33 o C (1-3). Studies using TRPV3-knockout mice or TRPV3-overexpressing transgenic mice have demonstrated that TRPV3 is involved in behavioral responses to innocuous and noxious heat (4) (5) . Searching for pharmacological tools to modulate TRPV3 activity seems active (see review: (6) ). Several phytosubstances and synthetic compounds, such as camphor, menthol, carvacrol, citral, incensole acetate and 2-aminoethoxydiphenyl borate (2-APB) are shown to activate TRPV3 (4, (7) (8) (9) (10) (11) (12) (13) . It has been reported that some of endogenous molecules are able to modulate TRPV3 activation. For example, unsaturated fatty acids potentiated TRPV3 activation by 2-APB (14) . S-nitrosylation of the channel protein activates TRPV3, as well as other TRPVs (15) . Ca 2+ and calmodulin suppressed the sensitization of TRPV3 to recurrent stimuli (16) . However, little is known about endogenous compounds that are able to directly and specifically activate TRPV3. Variety of metabolites are formed in the human body as a result of the diverse biochemical processes and some of the metabolites are potentially involved in pain development (17) . Farnesyl pyrophosphate (FPP) is an intermediate molecule in the cholesterol synthesis pathway. In the present study, we examined whether FPP is an activator for TRPV3. We performed Ca 2+ imaging and patch clamp experiments with TRPV3 and other related thermoTRPs for the pharmacological characterization of the FPP action. Animal behavioral studies were also carried out to test whether FPP elicits pain via a TRPV3-mediated mechanism.
Experimental procedures
Cell cultures. HEK293T cells were cultured as previously (18) (19) imaging experiments were carried out as described previously (20) . Briefly, HEK293T cells were plated onto poly-L-lysine-coated 35-mm glass cover slips and used for Fluo-3 Ca 2+ imaging 16-48 h later. The bath solution was composed of (in mM) 140 NaCl, 5 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 HEPES, titrated to pH 7.4 with NaOH. Cells were loaded with Fluo-3AM (5 μM, at 37 o C for 1 h) in bath solution containing 0.02% pluronic acid (Invitrogen Corp.). The imaging experiments were performed with a confocal microscope (LSM5 Pascal, Carl Zeiss, Germany) and images at 488 nm excitation/514 nm emission were collected every 3 s using Carl Zeiss ratio tool software. Keratinocytes were loaded with 5 μM Fura-2AM for 30 min and the cells were resuspended in (in mM) 140 NaCl, 5 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 HEPES, titrated to pH 7.4 with NaOH. Images of Fura-2 loaded cells with the excitation wavelength alternating between 340 nm and 380 nm were captured with a cooled CCD camera (Retiga-SRV, Q-imaging Corp., Burnaby, BC, Canada). The ratio of fluorescence intensity of the two wavelengths in each experiment was analyzed using MetaFluor (Molecular Devices, Sunnyvale, CA). Values from different experiments were normalized to baseline of the ratio 340/380 nm.
Patch-clamp electrophysiology.
Whole-cell voltage clamp recordings were performed as described previously (18) . Briefly, the bath solution contained (in mM) 140 NaCl, 5 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 HEPES, titrated to pH 7.4 with NaOH. The pipette solution contained (in mM) 140 CsCl, 5 EGTA, 10 HEPES, 2 MgATP, 0.2 NaGTP titrated to pH 7.2 with CsOH. The holding potential was -60 mV and for the currentvoltage analysis, 800 ms voltage-ramp pulses from -80 to +80 mV were used. For whole cell voltagedependence analysis, a step protocol composed of 32 episodes of 800 ms step pulses with a 10 mV increment starting from -120 mV was used. Each step pulse was followed by a 400 ms invariant step to -120 mV. The peak inward tail currents at −120 mV were collected for each step, normalized to the maximum tail current, and fitted using the Boltzmann equation. For single channel recordings with cell-attached and inside-out configurations, the whole cell bath solution was used as the pipette solution and the holding potential was -60 mV. For the experiments for the in vitro channel activation by heat, the solution temperature of the bath chamber was controlled and monitored using a digital temperature controller (CL-100, Warner Instruments, Hamden, CT). Heat activation thresholds were obtained from Q 10 (increase in reaction rate per 10°C increase in temperature) analysis in which the intersection temperature point of the nonspecific reaction phase and the steeply increasing phase is referred to as the temperature threshold (21) . Behavioral studies. The study was performed in accordance with protocols approved by the University Committee on Laboratory Animals. Hind paw licking and lifting behavior was quantitated every minute for 20 min as previously described (4, 18) . 6 week-old male ICR mice and TRPV1-knockout mice (generously gifted by Dr Uhtaek Oh) were used. Animals were acclimated for 1 h to the test environment prior to performing the experiments. For inflammation, 2% carrageenan in 10 μl was injected into a hind paw 3 h prior to the FPP injection. Drugs in 10 μl vehicle (phosphate-buffered saline containing 0.5% Tween 80) were injected into mice hind paws intradermally at the doses detailed in the results. For shRNA administration, 10 μg of shRNA in 20 μl saline with 20 μl EzWay™ transfection reagent (Komabiotech, Korea) were injected into a hind paw 48 h prior to the FPP injection. Hargreaves assay apparatus (Plantar Analgesia meter, for noxious heat sensitivity) were from UGO Basile (Italy) and the assay for changes in thermal behaviors was performed as described previously (4, 22) . The tests were performed under unconstrained condition. Baseline responses were measured 5 min prior to FPP administration. Paw withdrawal latencies of the contralateral hind paws were also measured both before and after drug injection. Data were analyzed using the two-tailed Student's T test (*** p<0.001, ** p<0.01, * p<0.05) and shown as means±S.E.M. For the comparison of the accumulating licking/lifting time or flinch numbers, one-way analysis of variance (ANOVA) with Bonferroni post hoc test was performed and for the comparison of the data at each time point, the two-tailed Student's T test was performed.
Analyses of TRPV3 mRNA and protein expression.
To examine the epidermal expression of TRPV3, cultured human keratinocytes or epidermal keratinocytes that were collected from mice hind paws were used. For collecting the mice hind paw keratinocytes, ~0.2 cm 2 pieces of the plantar skin epidermal layers were isolated from sacrificed mice and the cells were lysed in RIPA cell lysis buffer (Elpis biotech, Korea) containing 1 mM phenylmethylsulfonyl fluoride on ice. The cell lysate was centrifuged at 15,000 X g for 15 min and was followed by SDS-PAGE for western blotting (Bio-Rad, Hercules, CA, USA). The transferred membranes were probed with rabbit polyclonal anti-TRPV3 antibodies (1:300, Alomon Labs, Israel) and with rabbit polyclonal anti-β-actin (1:1000, Abcam, Cambrige, UK), followed by HRP-conjugated goat anti-rabbit antibodies (1:2000, Abcam) before visualizing the proteins by ECL system (GE Healthcare, Buckinghamshire, UK). The extraction of total RNA from isolated keratinocytes was carried out using RNA preparation kit (Axygen, Union City, CA, USA). Reverse Transcriptase-PCR (RT-PCR) was performed using a PCR thermal cycler (Takara, Japan). Reverse transcription was performed using the amfiRivert single-step RT-PCR kit (GenDEPOT, Barker, TX, USA) according to the manufacturer's protocol. PCR primers were as follows:
mTRPV3, 5′-CCCCATCCTCTTTCTCTTCC-3′ and 5′-CGACGTTTCTGGGAATTCAT-3′; hTRPV3, 5′-CCTCGTGCTCAGTGCTCAGT-3′ and 5′-CTGGCAGGAGGAAAGACTCC-3′. The PCR Products were electrophoresized on agarose gels and stained with ethidium bromide.
Compounds. All chemicals were purchased from Sigma-Aldrich unless otherwise described. FPP, farnesol, geranyl pyrophosphate (GPP) and geranylgeranyl pyrophosphate (GGPP) were purchased from Biomol (Plymouth Meeting, PA, USA). Isopentenyl pyrophosphate (IPP) was purchased from Echelon Research Laboratories (Salt Lake City, UT, USA). mTRPV3-shRNA (5′-CCGGGCTGGAAATCATCGTCTACAACTCGA GTTGTAGACGATGATTTCCAGCTTTTTG-3′) and hTRPV3-shRNA (5′-CCGGGCTGCATATGAAGTGGAAGAACTCG AGTTCTTCCACTTCATATGCAGCTTTTTG-3′) were purchased from Open Biosystems (Huntsville, AL, USA). A non-target scrambled shRNA (5′-CCTAAGGTTAAGTCGCCCTCGCTCTAGCGA GGGCGACTTAACCTTAGG-3′) was purchased from Sigma-Aldrich. Stock solutions were made using water or ethanol and were diluted with test solutions before use.
Results

FPP activates TRPV3 in HEK293T cells
Fluo-3 intracellular Ca
2+ imaging experiments were performed with TRPV3 expressing HEK293T cells to examine whether FPP activates TRPV3. As soon as 100 nM FPP was applied to the bath, increases in the intracellular Ca 2+ levels were detected (Fig. 1A) . To test if the same cells expressed TRPV3, camphor, a TRPV3 agonist was added subsequently and all of the FPPsensitive cells showed Ca 2+ influx response to camphor (Fig. 1A) . FPP failed to evoke such a response from untransfected HEK293T cells (data not shown, n=45). In whole cell voltage clamp experiments, 1 μM FPP application also elicited rapid current responses in the TRPV3-expressing HEK cells (Fig. 1B) . The current in response to FPP was outwardly rectifying as that in response to camphor, and was obviously blunted by addition of 20 μM ruthenium red (RR), a TRP channel blocker (Fig. 1B-C) , which indicates that the FPP-evoked current was mediated by TRPV3 activation. Because phosphorylated intermediates in the mevalonate pathway (3-hydroxy-3-methylglutaryl-coenzyme reductase pathway) hardly cross the plasma membrane (23) ,the binding site of FPP would be located in the extracellular side of the channel according to the above results with extracellular drug application methods. To further confirm whether FPP acts on the extracellular side of the TRPV3 channel, we carried out single channel patch recordings with cell-attached and inside-out configurations. In the cell-attached patches, single channel currents relevant to the TRPV3 conductance were detected as soon as the seal formation when the recording pipette contained 300 nM FPP (Fig. 1D upper trace and 1E). On the other hand, with the recording pipette free from FPP, delayed onset of the single channel activation with low open probability was observed in the inside-out patch when FPP was applied to the bath (intracellular side of the channel) ( Fig. 1D lower trace and 1E). These data indicate that FPP binds to the extracellular side of TRPV3 and activate this channel. The results from the whole cell and inside-out experiments also suggest that FPP unlikely acts as a donor for farnesylation of TRPV3 proteins for activating the channel because cytosolic enzymes are diluted or removed in the two experiments. We next examined the thermoTRP channel specificity for FPP activation using HEK293T cells expressing individual TRPs (TRPV1, TRPV2, TRPV4, TRPA1 and TRPM8) and using the Ca 2+ imaging. Of the six TRP channels, only TRPV3 clearly showed a significant sensitivity to FPP in terms of its activation ( Fig. 2A) . Other substances chemically related to FPP were also tested for the thermoTRP activation. IPP and GPP are the precursors of FPP and GGPP is the downstream product of FPP in the mevalonate pathway. Farnesol is the alcoholic form of FPP with the same carbon backbone (Fig. 2E) and is known as a ligand of nuclear Farnesoid X receptor (24). None of the substances elevated intracellular Ca 2+ levels in the TRPV3-HEK cells at micromolar ranges ( Fig. 2A) . From the TRPV3-mediated Ca 2+ influx, the dose-response curve for FPP was obtained (Fig.  2B) . The EC50 of FPP on TRPV3 was 131.1 nM, indicating that FPP exerts its action on the TRPV3 activity at the nanomolar and micromolar levels. To further investigate TRPV3 activation mechanisms by FPP, we performed voltagedependence analysis as TRPV3 exhibits voltagedependent activation (16, 25) . The peak inward tail currents at −120 mV after a 800ms voltage step protocol of test potentials ranging from −120 mV to +200 mV were measured with or without FPP application (Fig. 2C) . As a result, the voltage dependence of TRPV3 activation is shifted toward more negative voltages upon FPP application (Fig.  2D) . The V 1/2 decreased from 143 mV at resting state to -66 mV during FPP application. The results suggest that TRPV3 activation by FPP is caused via a shift in its voltage-dependence.
FPP activates TRPV3 in human keratinocytes
With the results of TRPV3-specific activation by FPP in the heterologous expression system, we hypothesized that the skin keratinocyte, which is a TRPV3-abundant cell type, is also able to show similar responses to FPP. In Ca 2+ imaging experiments using HaCaT keratinocyte cell lines and normal human keratinocytes, rapid intracellular Ca 2+ elevation were induced upon FPP application (Fig. 3A, C) . In all the same cells, camphor responses were also detected. In whole cell voltage clamp experiments evident current responses (in which the outwardly rectifying current-voltage relationships were similar to those upon camphor application) were detected upon FPP application and blocked by RR co-application, both with HaCaT keratinocytes and with normal human keratinocytes (Fig. 3B, D) . Earlier, FPP was reported to activate GPR92, leading to intracellular Ca 2+ elevation (26) . Another activator for GPR92, N-arachidonoyl glycine (NAG) failed to elicit such Ca 2+ response (data not shown). Thus the Ca 2+ influx of the keratinocytes are mediated via TRPV3 activation and not via GPR92 activation.
FPP elicits pain via communication between keratinocytes and sensory neurons
Thermal activation of TRPV3 results in pain behaviors (4) (5) . To check if FPP is also able to evoke pain behaviors, we performed acute pain behavior assays used in a previous study (18) . When FPP was intradermally injected into a hind paw, no significant change in behavior was observed in normal mice (Fig. 4B ). Animals locally inflamed by carrageenan for 3 h, however, exhibited significant increases in time consumed in acute licking and lifting behaviors in response to the FPP injections ( Fig. 4A and C) whereas injections with vehicle or GPP (the structurally closest precursor to FPP without activity on thermoTRPs) were without effect (Fig. 4A) . Moreover, the effects of FPP were attenuated when intradermally pretreated with RR, which indicates that the acute pain induced by FPP was mediated by TRPV3 activation (Fig. 4A-B) . For further examination, mice were pretreated with mTRPV3-shRNA in a hind paw 48 h prior to the behavioral test. The mTRPV3-shRNA-treated mice showed suppressed epidermal TRPV3 expression in the pretreated hind paw (Fig. 4D-E) . Like the pharmacological blockade with RR, the shRNA treatment significantly attenuated FPPinduced licking/lifting responses (Fig. 4B-C) . The mTRPV3-shRNA did not affect capsaicin-evoked licking behaviors (n=5, data not shown). No significant behavioral suppression was observed in mice treated with a scrambled shRNA (Fig. 4B-C) , which indicates that only the mTRPV3-shRNA specifically downregulated TRPV3 expression and that it subsequently blocked FPP-action on TRPV3. We hypothesized that this FPP-induced nociception is relayed by the sensory neurons. Thus we examined the in vitro neuronal response upon FPP application using co-culture of HaCaT keratinocytes and the mouse DRG sensory neurons. When co-cultured, a close proximity of neuronal terminals and keratinocytes was observed (Fig. 5A) . In the Ca 2+ imaging experiments, the DRG sensory neurons showed significant Ca 2+ influx responses following the keratinocyte responses upon FPP application in the same dish (Fig. 5B) . Interestingly, 38% of the neurons responding to FPP was also capsaicinsensitive (n=16), which indicates that nociceptive populations relay the FPP signals. The onsets of the DRG responses were behind those of keratinocyte responses (Fig. 5B-C) , indicating that the sensory neurons do not contain functional TRPV3 or other excitatory components directly sensitive to FPP. RR application completely ablated the keratinocyte FPP responses and subsequent DRG responses (Fig. 5D) . Moreover, no change in the intracellular Ca 2+ levels of the mouse sensory neurons by FPP was detected in cultures without keratinocytes or cultures with keratinocytes treated with hTRPV3-shRNA, which further demonstrates that the mouse sensory neurons are lacking in functional TRPV3 or other direct FPP-sensing machinery on their own (Fig.  5E-F) (1, 4, 27) . We also confirmed the effect of the hTRPV3-shRNA on TRPV3 expression of the keratinocytes using RT-PCR and western blot analyses (Fig. 5G-H) . These results suggest that FPP excites keratinocytes via TRPV3 activation and that signals instantly released from the keratinocytes activate the adjoined sensory neurons. We also ascertained whether FPP acutely affects in vivo heat thresholds. After FPP was intradermally injected into a hind paw, paw withdrawal latencies upon radiant heat were significantly decreased in the Hargreaves test (Fig.  6A) . We hypothesized that an increase in heat sensitivity of TRPV3 or TRPV1 may cause this phenomenon. TRPV1-knockout mice exhibited the similar reduction in the Hargreaves threshold (Fig. 6A) , indicating that FPP affects the heat sensitivity in a TRPV1-independent manner. By contrast, no significant reduction in the heat threshold of mice pretreated with mTRPV3-shRNA was observed, suggesting that TRPV3 mediates the in vivo FPP-induced thermal hypersensitivity. We further examined the in vitro heat thresholds of these two TRP channels with or without FPP incubation. TRPV3 but not TRPV1 (n=4, data not shown), exhibited significantly lower temperature thresholds for its activation under FPP incubation even at a 10 nM which is a marginal concentration to activate TRPV3 (n=8, 3.5 o C±0.5 decrease at average, Fig. 6B-C) . FPP also failed to potentiate capsaicin response of TRPV1 (data not shown. n=160 in Ca 2+ imaging). We asked whether not only the threshold shift, but also a change in the temperature coefficient Q 10 values contribute to this sensitization. The Q 10 values of the specifically heat-sensitive phase of TRPV3 activation were increased by FPP but it was not statistically different (16.5±5.4 without FPP versus 21.8±9.7 with FPP), indicating that the thermal threshold shift is the major contributor to the sensitization of TRPV3 response. Besides the heat threshold shift, peak responses of heatactivated TRPV3 also seems to be potentiated by the 10nM FPP incubation (Fig. 6B) . To ascertain whether the effects on the TRPV3 responses of FPP and heat are additive or synergistic when applied together, we tested a series of FPP concentrations (10 nM, 100 nM and 1 μM) with heat stimulation. Upon the application with 10 nM FPP plus heat, significantly larger current responses of TRPV3 were detected than the sum of those upon FPP alone and heat alone. On the other hand, additive responses upon higher concentrations (100 nM and 1 μM) of FPP plus heat were observed (Fig. 6E-F) . Thus, largely, the sensitizing effects of FPP on the heat responses are likely to depend on an increase in the heat potency (left shifts of the voltage dependence, Fig.  6F ) rather than on a synergistic increase in the efficacy. Consequently, in addition to directly activating TRPV3, FPP is able to positively modify the TRPV3's heat threshold. Throughout the overall experiments, our results in the present study suggest that FPP is able to activate and sensitize TRPV3, resulting in pain sensation.
Discussion
The present study demonstrates that FPP activates TRPV3. None of other five sensory neuronal thermoTRPs is activated by FPP. Therefore, TRPV3 appears to be the sole detector of FPP among the thermoTRPs. Steric stringency appears to be required for the activation according to our results with FPP-related metabolites. The TRPV3 activation is repeatable in the experiments using the skin keratinocytes. Surprisingly, FPP is shown to be a pain-inducing substance in the present study. We demonstrated that treatment with FPP acutely evoked nociceptive behaviors, which was prevented by RR pretreatment or by TRPV3 knockdown. Recent studies suggested that activated keratinocytes release signal messengers like ATP or prostaglandin E2 to the vicinal sensory neurons, leading to pain perception (5, (27) (28) . The same transduction mechanism may account for FPPevoked pain. In our hands, no significant behavioral change was observed in normal mice, but the mice with inflamed hind paws exhibited FPP-evoked nociceptive behaviors. It is likely that primed condition is required for the in vivo release of putative messengers from the keratinocytes in response to FPP. In this respect, it is possible that our co-culture system using cultured DRG neurons that may not perfectly escape a pathological status caused by their acute dissociation mimics the in vivo inflamed conditions. Interestingly, FPP was able to enhance the in vitro heat sensitivity of TRPV3 and moreover, the behavioral hypersensitivity to noxious heat also occurred by the short-term intradermal incubation of FPP in normal mice. A lower concentration range appears to be sufficient for a shift of the in vitro heat sensitivity than for the excitation mediated by direct TRPV3 activation according to our result that FPP at a marginal concentration robustly sensitized and potentiated the TRPV3 responses to heat. It is possible to speculate that higher dose of FPP by itself might evoke acute nociceptive behavior in normal mice, but the limited solubility prevented the verification. Collectively, FPP seems to acquire direct in vivo nociceptive potential under inflammation while it affects the heat threshold even under quiescent condition. The search for TRPV3 agonists becomes more active and many exogenous ligands for TRPV3 have been found (6) . First, a synthetic chemical 2-APB was shown to activate TRPV3 (7) (8) Although quantitative analyses for the potency and specificity of the chemicals were not fully performed in these earlier studies, those compounds largely have relatively high EC50 (hundreds of micromolar to millimolar concentrations) and low specificity (also activating other thermoTRPs). For example, 2-APB also activates TRPV1 and TRPV2 (8) . The lowest EC50 in the monoterpenoid study was 370 μM (11) . Camphor was shown to weakly activate TRPV1 with an immediate desensitization effect (9, 29) . Thus to date, FPP is the most potent with a nanomolar EC50 and is specific only for TRPV3. The chemical structure of FPP is out of the prediction that Vogt-Eisele et al. (11) proposed, where a cyclic structure seems required for activation. Rather, according to our data, it is possible that the three isoprenyl repeats of FPP confer a flexibility to fit the TRPV3 binding pocket. Alternatively, FPP may only partly share the binding region with cyclic monoterpenes. Further studies on the TRPV3 structure combined with pharmacology are needed to answer this question. In addition, it is notable that the optimal size of the isoprenyl repeats and the pyrophosphate residue are also important to acquire the potency according to our results with IPP, GPP, GGPP and farnesol. FPP is an intermediate molecule in the mevalonate pathway. FPP is generated via one isomerization and subsequent condensation processes with IPP by IPP isomerase and FPP synthase. FPP is then used for cholesterol synthesis or protein prenylation. Though FPP is basically synthesized in the cytosol, it can be detected in human plasma. The steady-state plasma level was reported to be 6.6 ng/ml (17 nM) (30) . Thus, it is possible that hyperemic or bleeding conditions may enable TRPV3 to expose to nanomolar FPP, leading to the channel sensitization according to our heatthreshold data. ~17 nM appears lower than to directly activate TRPV3. Therefore, rather than at the quiescent state, pathological conditions in which internal contents such as FPP can be released via cellular damage are likely to be important to direct TRPV3 activation and subsequent nociception. Otherwise, FPP is possibly secreted extracellularly through a selective transporter system at a particular event, resulting in the elevation of the local FPP level outside the cells. Further studies will explore the presence of this releasing mechanism. Lessons from the studies on the secretion of other soluble cellular components (for example, via cell lysis or via opening of transporters like connexin, ATP is released and acts on adjacent purinergic receptors) may provide an insight (31) . FPP acts on other membrane receptors: it activates GPR92 and inhibits LPA2 and LPA3 receptors (26, 32) . In the present study, another activating ligand for GPR92, NAG failed to elevate intracellular Ca 2+ level in the keratinocyte experiments. On the other hand a TRP inhibitor RR and TRPV3-shRNA were able to block the FPP-induced Ca 2+ influx in the keratinocytes, which suggests that GPR92 is not involved in the native responses from keratinocytes. RR and the shRNA also prevented FPP-evoked pain behavior, supporting this notion. As well, it is not possible that LPA2 or LPA3 receptor is involved because FPP leads to the opposite result through the receptor inhibition (FPP blocked the LPA-induced intracellular Ca 2+ increase in the observations of Liliom et al. (32) ) Differential roles of FPP may be expected in the different receptor expressers. FPP synthase is inhibited by nitrogen-containing bisphosphonates, which is a mechanism that explains the therapy of osteoporosis with these drugs (33) . It has been reported that the treatments with bisphosphonates were effective for some types of bone cancer pain and neuropathic pain (34) (35) . It would be interesting to investigate whether certain painful states involve abnormally balanced FPP metabolism and also whether the inhibition of FPP synthase contributes to the analgesic mechanisms, at least in part, via prevention from the FPP effect on TRPV3. As well as in pain, TRPV3 is proposed to be involved in other physiological events such as emotional regulation, hair growth and dermatitis (13,36-37). It remains to elucidate the possible roles of FPP in these phenomena and whether artificial manipulation of the body FPP level using drugs can lead to beneficial outcomes in this context. In the present study, we successfully repeated voltage-dependent activation of TRPV3 (16, 25) .
As in the previous studies using 2-APB and camphor, the voltage-dependence curve is leftshifted upon FPP application, which indicates that the common mechanism can explain TRPV3 activation by FPP. Furthermore, like camphor (4), FPP was able to sensitize and potentiate heatinduced activation of TRPV3. As previously observed in the sensitization by repeated heat, Q 10 values were consistent with or without FPP and only the threshold shift appears to consequently affect the outcome of TRPV3 potentiation (3). These FPP effects on the heat response seem to shift from a synergistic one to an additive one along increasing concentrations (Fig 6E) , probably because the response becomes saturated at higher concentrations. Though TRPV1 is referred to as a major contributor to the heat nociception, no threshold change in heat-induced TRPV1 activation by FPP was observed here. Capsaicin response of TRPV1 was also insensitive to FPP incubation. Moreover, TRPV1-null mice showed the similar in vivo heat threshold reduction upon the FPP treatment whereas TRPV3-kockdown mice showed marked insensitivity to FPP in the threshold change. Therefore, the crucial component that derives the change in the temperature sensitivity by FPP in this study is likely to be TRPV3. One of the challenges in the TRPV3 research has been the absence of potent and specific agonists. The present study demonstrates that FPP specifically activates TRPV3 among six thermoTRPs. Of the TRPV3 ligands found to date, FPP is the most potent and selective one, and is a uniquely sole endogenous substance. Moreover, we show that FPP evokes pain behavior which is mediated by TRPV3. This information may offer useful tools to understanding TRPV3-related physiology and unknown pain-related signalings, and designing synthetic TRPV3-ligands. As reported earlier (7), the FPP-evoked currents were significantly inhibited by RR at -60mV. *p<0.05, ***p<0.001, Student's T test. 
Footnotes
